1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 19 September 2018
doi: 10.3389/fchem.2018.00426

OPEN ACCESS

Edited by:
Jean-Michel Lavoie,
Université de Sherbrooke, Canada

Reviewed by:

Zhibao Huo,

Shanghai Jiao Tong University, China
Polina Yaseneva,

University of Cambridge,

United Kingdom

*Correspondence:
Florent Allais
florent.allais@agroparistech. fr

Specialty section:

This article was submitted to
Chemical Engineering,

a section of the journal
Frontiers in Chemistry

Received: 02 May 2018
Accepted: 28 August 2018
Published: 19 September 2018

Citation:

Mouterde LMM and Allais F (2018)
Microwave-Assisted
Knoevenagel-Doebner Reaction: An
Efficient Method for Naturally
Occurring Phenolic Acids Synthesis.
Front. Chem. 6:426.

doi: 10.3389/fchem.2018.00426

Check for
updates

Microwave-Assisted
Knoevenagel-Doebner Reaction: An
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The common chemical method to synthesize Phenolic Acids (PAs) involves a
relatively considerable energy intake. In order to solve this issue, microwave-assisted
Knoevenagel-Doebner condensations were developed. Nevertheless, these synthetic
procedures prove difficult to reproduce. Herein, we developed and optimized —by using
a combination of a Design of Experiment and a standard optimization approach—a
reliable procedure that converts naturally occuring p-hydroxybenzaldehydes into the
corresponding PAs with conversions of 86-99% and in 85-97% vyields.

Keywords: p-hydroxycinnamic acids, ferulic acid, Sinapic acid, Caffeic acid, Coumaric acid,
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INTRODUCTION

Naturally occurring phenolic acids (PAs) are key compounds involved in the metabolism of plants
and necessary building blocks for the polyphenol biosynthetic pathways to lignins, coumarins,
lignans, stilbenes, and many other families of phenolic compounds (Shahidi and Nazck, 2004).
Among other biological roles, PAs bridge lignin and polysaccharides (hemicellulose) in plants
cell wall through ester linkages (Bach et al., 1992). The most commonly accepted routes for their
biosynthesis begin with the shikimate pathway that leads to phenylalanine and tyrosine (Herrmann
and Weaver, 1999). Two different pathways, involving phenylalanine ammonia-lyase (PAL) and
tyrosine ammonia-lyase (TAL), respectively, metabolize these PAs yielding to p-coumaric, caffeic,
ferulic, 5-hydroxyferulic and sinapic acid (Koukol and Conn, 1961; Potts et al., 1974; Rosler et al.,
1997).

The industrial interest for naturally occurring PAs is increasing due to the emergence of
promising ferulic- and sinapic-acid-based functional additives [e.g., bisphenol A substitutes
(Jaufurally et al., 2016; Janvier et al.,, 2017), antioxidants (Reano et al., 2015, 2016b)], anti-UV
molecules (i.e., sinapoyl malate), (Allais et al.,, 2009; Dean et al., 2014; Luo et al,, 2017) and
renewable polymers and resins (Kreye et al,, 2013; Ouimet et al., 2013; Barbara et al., 2015;
Pion et al., 2015; Hollande et al., 2016; Maiorana et al., 2016; Reano et al., 2016a; Menard et al,,
2017; Nguyen et al., 2017). Encouraging works have been conducted for the biosourcing of PAs.
However, extracting naturally occurring PAs from raw biomass remains complicated and rather
expensive because of their low concentration in the biomass and the necessity to perform costly
separation/purification steps. (Dupoiron et al., 2017, 2018) Thereby, the main access to naturally
occurring PAs consists in the condensation of malonic acid with phenolic aldehydes that are readily
obtained from the oxidation of lignins (Aratjo et al., 2010; Tarabanko and Tarabanko, 2017).
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In order to develop an efficient and reproducible method
for the synthesis of natural occurring PAs, microwave- assisted
reactions have been preferred. This methodology has been
largely described in the literature, however, when it comes
to Knoevenagel-Doebner condensation involving phenolic
aldehydes and malonic acid, the described processes use
either domestic microwave oven (Sampath Kumar et al,
1998, 2000; Mitra et al, 1999; Karchgaudhuri et al., 2002;
Perez et al, 2003; Mogilaiah and Randheer Reddy, 2004;
Gupta and Wakhloo, 2007; Rodrigues-Santos and Echevarria,
2007; Mobinikhaledi et al., 2008; Dhruva Kumar and Sandhu,
2010; Goel, 2012) or combined apparatus for ultrasound-
microwave reactions (Peng and Song, 2003). Although this
literature reports good conversions/yields, these procedures
are hardly reproducible because of the use of relatively
complicated and not readily accessible instrument, or of
non-scientific ovens (i.e., household microwave oven) that
are difficult to rely on. For instance, applying the milder
conditions reported in the literature (time: 1min, power:
300W) (Goel, 2012) with a scientific equipment, such as the
Monowave 400 from Anton Paar, in different solvents (DME
EtOH, water), resulted in a quantitative decomposition of
malonic acid into acetic acid (>99%). Therefore, it became
urgent to develop a reliable method for microwave-assisted
Knoevenagel-Doebner condensation of naturally occurring PAs
with malonic acid.

RESULTS AND DISCUSSION

Performing Knoevenagel-Doebner condensation in presence
of malonic acid poses another challenge, namely the
decarboxylation of PAs to the corresponding vinyl phenols
in either thermal and irradiated conditions (Scheme 1). (Sinha
et al., 2007; Zago et al., 2015) Indeed, these works have shown
that, depending on the reaction conditions, the Knoevenagel-
Doebner condensation on p-hydroxycinnamaldehydes can
result in a mixture of the corresponding PAs but also their
vinylphenols. Many mechanisms have been proposed to account
for this outcome and a theoretical thermodynamical study
performed by Bermudez et al. (2010) has demonstrated that
the most relevant one involves piperidine as a leaving group
that can promote either the formation of the PAs or that of the
vinylphenols. Not only this mechanism shows that an excess
of piperidine is needed to access vinylphenols (blue route in
Scheme 1), but also the calculations proved that the reaction
must be heated at relatively high temperatures to overcome the
unfavorable thermodynamic and kinetic factors of the formation
of PAs and their corresponding vinylphenols.

With regards to this potential side reaction, the use of no more
than 1 equivalent of base was thus preconized, and in accordance
with classical Knoevenagel-Doebner conditions (Pawar et al,
2016), the reaction was first carried out in toluene (5mL) using
vanillin—as model—in presence of 3 equivalents of malonic acid
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SCHEME 1 | Knoevenagel-Doebner condensation of p-hydroxybenzaldehydes using malonic acid and piperidine (Proposed mechanism).
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TABLE 1 | Variables and their variation corresponding to defined levels of the DoE.

Levels
Variables -1 0 1
Temperature (°C) 100 120 140
Time (min) 10 20 30
Malonic acid equivalents 2 3 4
Piperidine equivalents 0.125 0.1875 0.25

and 0.25 equivalent of piperidine. The microwave irradiations
were set at 50 W until reaching 120°C, followed by a temperature
hold of 20 minutes. 'H & '*C NMR analysis of the crude reaction
mixture revealed that vanillin was converted into ferulic acid
(60% yield). However, the decarboxylation of ferulic acid into
2-methoxy-4-vinylphenol also occurred (19% yield). In order to
have a better control of the reaction, the influence of various
parameters/variables (i.e., temperature, equivalent of piperidine,
equivalent of malonic acid and reaction time) were investigated
by first performing a design of experiment (DoE) based on
Response Surface methodology (RSM), an effective statistical
approach for optimizing a range of synthetic procedures and
evaluating the interactions of multiple reaction parameters
(Table 1) (Mongtgomery, 2008).

To find a relationship between theses variables and response
surface, the following second-order polynomial equation was
used:

Y:O[o-i—ZO[iXi-i-ZO[inz-i- Zolijxi)(j (1)
i i ij

where Y represents the response (conversion), x; are the variables,
Qo is a constant and o, 0}, and a;j are the linear, quadratic and
interaction coeflicients. Regression coeflicients were determined
by multiple linear regressions (MLR). The significant parameters
in the model were found by analysis of their p-value (<0.05).

The model validation was based on the variance (ANOVA)
for each response, namely, by the analysis of R?, Q?, and lack
of fit (LOF) test. R? measures how well the regression model
fits the experimental data, Q2 shows an estimate of the future
prediction precision, and LOF assesses whether the models
error is comparable to the replicate error. A D-optimal design
consisting in 28 experiments, including 3 three replications at
the central point to evaluate their reproducibility, was used
to determine the optimum set of experimental parameters to
optimize the reaction conversion (see Supporting Information
for D-optimal design values).

The experimental data of the D-Optimal design was fitted
to the second-order polynomial equation (Eq. 1). Analysis of
variance (ANOVA) shows a good correlation of the second-
order polynomial model between the response (conversion)
and the significant variables (p < 0.05). The p-value of the
regression model below 0.05 shows the statistical significance
of the polynomial regression. The lack of fit (p > 0.05) shows
the low replicate errors of the model. Finally, the design gives a
very good coefficient of determination (R*> = 0.952 > 0.5) and

acceptable coefficient of cross-validation (Q%* =0.868 > 0.5) that
corresponds to a good fit and prediction of the model. Scheme 2
shows the coefficients (ag as constant, a;, aj and ;j of the Eq. 1)
of the model for the response. A positive value means a positive
influence on the conversion while a negative value means a
negative influence.

Thereby, results in Scheme 2 show that the reaction time
and the number of equivalents of malonic acid have a positive
influence on the conversion of vanillin into ferulic acid whereas
temperature has a negative one, with optimum values on
the intervals of study according to their respective quadratic
terms. Moreover, temperature interacts negatively with both
time and number of equivalent of piperidine. This behavior
is in accordance with the know fact (Sinha et al., 2007;
Zago et al., 2015) that the decarboxylation of phenolic acids
occurs at high temperature in presence of an excess of bases
(Scheme 2, Temp*Eq. Piperidine and Scheme 3). Taken alone,
the influence of the number of equivalent of piperidine
is not significant on the ferulic acid conversion rate (p-
value > 0.05). Finally, the equation of the model (Eq. 2) is as
follows:

Conversion into ferulic acid(%) = 58.22 — 3.09x Temp + 5.89
x Time + 5.63 x Eq.malonic acid
—23.96x Temp? — 9.59x (Temp*Time)
—5.80x (Temp*Eq.piperidine) 2)

The analysis of the 4D response contour allowed the visualization
of the influence of each parameter (Scheme 3). In the interval
considered, thanks to Eq. 2, the optimal temperature and reaction
time are evaluated at 120°C and 17 min, respectively, and the
optimal number of equivalents of malonic acid and piperidine
are 4 and 0.25, respectively. Applying these conditions allowed
the production of ferulic acid in 67% yield while minimizing
the formation of 2-methoxy-4-vinylphenol (4%), demonstrating
that, under optimized conditions, decarboxylation is
limited.

As the optimal conversion obtained using the DoE is relatively
low, other factors are certainly involved. Looking deeper into the
experimental results of the DoE, we found out that the reaction
did not go further because of the degradation of malonic acid
into acetic acid (specific signals of acetic acid were identified in
the 'H spectrum of the crude reaction). One solution to this
problem would be to perform the reaction with more equivalents
of malonic acid nevertheless this would go against reaction
mass efficiency. Thus, other parameters were varied in order to
improve this conversion rate.

In a first place, doubling the concentration of the reaction
medium and the number of equivalent of piperidine resulted in
a relatively small increase of the conversion rate (70 vs. 67%,
Table 2-Entry 2 vs. Entry 1) but also favored the formation of
vinyl-phenol (12 vs. 4%). Lowering the reaction temperature
(90°C) and applying a longer reaction time (30 min) solved
this issue and provided the same conversion rate of ferulic
acid (72%, Table 2-Entry 3) but with almost no formation of
the corresponding 2-methoxy-4-vinylphenol (2%). In accordance
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Impact of Hyperparameters on
Conversion into Ferulic Acid
S
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SCHEME 2 | Regression coefficients of the quadratic model, Equation 1.
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SCHEME 3 | (Left) Contour plots of vanillin conversion into ferulic acid. (Right) Contour plots of ferulic acid conversion into 2-methoxy-4-vinylphenol.
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with the results from the DoE and the work of Bermudez et al.
(2010), this set of experiments confirms that the decarboxylation
of ferulic acid into 2-methoxy-4-vinylphenol is promoted when
the reaction is performed at high temperature (120°C) and with
an excess of piperidine’.

Different bases, NEt3, DBU, and K, COs3, were then tested. As
they led to lower ferulic acid yields (47, 57, and 21%, respectively;
Table 2, Entries 4-6) and similar or higher vinylphenol yields
(5,7, and 1%; Table 2, Entries 4-6), we decided to keep piperidine
as the base and to focus on the solvent. Another solvent
with better solubilizing ability than toluene was considered
and the reaction was thus carried out in DMF at 90°C. This
resulted in the increase of the conversion rate (from 72% to
Table 2, Entry 3 to 92%-Table 2, Entry 7) without significantly
impacting the vinylphenol yields (from 2%-Table 2, Entry 3 to

Performing the reaction directly on ferulic acid resulted in the production of the
corresponding vinylphenol.

4%-Table 2, Entry 7). The use of a greener solvent has also
been explored. Indeed, recent work showed that Cyrene®, a bio-
sourced solvent obtained from the hydrogenation of cellulose-
derived levoglucosenone (Shafizadeh et al., 1978), can be a good
substituent for toxic dipolar aprotic solvent such as NMP, DMF,
or sulpholane (Sherwood et al., 2014). Unfortunately, replacing
DMEF by Cyrene® did not lead to comparable conversion rates
(63%, Table 2-Entry 8). As previously discussed, the number of
equivalent of piperidine has a beneficial effect on the conversion
of vanillin into ferulic acid until a certain level at which it started
to favor its conversion into the corresponding vinyl-phenol by
promoting the decarboxylation. Following this observation, the
reaction from Entry 7 was performed with number of equivalents
of piperidine from 0.125 to 0.625 (Table 2, Entries 9-11) and data
confirmed that with 0.625 equivalent of piperidine, ferulic acid
was readily converted into 2-methoxy-4-vinylphenol up to 17%
yield. To limit this undesired side-reaction, the optimal quantity
of piperidine was then kept at 0.5 equivalent.
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TABLE 2 | Optimization of the microwave-assisted Knoevenagel-Doebner condensation on vanillin at 50 W.

Entry Base Eq. of base Solvent Concentration (M)

Temperature (°C)

Time (min) % Ferulic acid % Vinyl Phenol

120 17 70 12

2 Piperidine 0.5 Toluene 1.6

3 Piperidine 0.5 Toluene 1.6 90 30 72 2

4 NEt3 0.5 Toluene 1.6 90 30 47 5

5 DBU 0.5 Toluene 1.6 90 30 57 7

6 K>CO3 0 Toluene 1.6 90 30 21 1

7 Ppeide 05 DMF 16 % 8 e 4
Piperidine Cyrene® 90 30 63

9 Piperidine 0.125 DMF 1.6 90 30 42 0

10 Piperidine 0.25 DMF 1.6 90 30 81 1

11 Piperidine 0.625 DMF 1.6 90 30 81 17

TABLE 3 | Conversion rates and yields of natural occurring phenolic acids.

Substrates Phenolic acids % Conversion® % Yield?
4-Hydroxybenzaldehyde p-Coumaric acid 96 92
3,4-Dihydroxybenzaldehyde Caffeic acid 86 85
Vanillin Ferulic acid 92 89
5-Hydroxyvanillin 5-Hydroxyferulic acid 90 87
Syringaldehyde Sinapic acid 93 90

aConversion were determined by TH NMR of the crude reaction mixture. P Yields were
calculated from isolated product after purification.

In summary, the optimal reaction conditions are: DMF
(1.6 M), 0.5 eq. piperidine, 3 eq. malonic acid, 50 Watts
to 90°C and a 30 mins hold a this temperature (Entry 7,
Table 2). Applying these conditions to the other naturally
occurring  substituted  p-hydroxybenzaldehydes (i.e., 4-
hydroxybenzaldehyde, 3,4-dihydroxy-benzaldehyde, vanillin,
dihydroxyvanillin, syringaldehyde) provided the corresponding
PAs in very good yields while limiting the formation of the
corresponding vinyl phenols through decarboxylation (Table 3).

CONCLUSION

An efficient and reliable microwave-assisted Knoevenagel-
Doebner condensation of naturally occurring p-hydroxy-
benzaldehydes with malonic acid has been developed
and optimized through the combination of a design of
experiment and a standard optimization approach, providing
the corresponding naturally occurring phenolic acids with
conversion rates from 86 to 96% and yields from 85 to 92%. This
optimized microwave-assisted synthetic route offers a reliable
and reproducible Knoevenagel-Doebner condensation while
limiting the decarboxylation of the resulting phenolic acids.

EXPERIMENTAL SECTION
General

Microwave reactions were carried out into a Monowave 400
Anton Paar® system. Evaporations were conducted under

reduced pressure at 65°C. '"H NMR spectra of samples in the
indicated solvent were recorded at 300 MHz at 20°C ['H NMR:
(CD3),CO residual signal at 8 = 2.05 ppm]. 13C NMR spectra of
samples in the indicated solvent were recorded at 75 MHz at 20°C
[13C NMR: (CD3),CO residual signal at 8 = 206.26 and 29.84
ppm]. The atomic labeling used in the assignment of NMR signals
is presented in the Supporting Information. All reported yields
are uncorrected and refer to purified products. All reagents were
purchased from Sigma-Aldrich or TCI and used without further
purification.

Optimized Method for the Synthesis of PAs
The corresponding phenolic aldehydes (8 mmol) and malonic
acid (24 mmol, 2.5g) were mixed together into DMF (5mL)
until complete dissolution. Piperidine (4 mmol, 400 L) was
then added to the reaction mixture, the tube sealed and placed
into a Monowave 400. Constant power (50 W) was applied until
reaching a temperature of 90°C which was then maintained for
30 additional minutes. The reaction mixture was then evaporated
under vacuum and the desired product precipitated by addition
of 50 mL of cold diluted aq. NH4Cl solution.

p-Coumaric Acid

I'H NMR (300 MHz, (CD3),CO): 8§ = 7.61 (d, ] = 15.96 Hz,
1H, H-3), 7.57 (s, 1H, H-5 or H-9), 7.54 (s, 1H, H-5 or H-
9), 691 (s, 1H, H-6 or H-8), 6.88 (s, 1H, H-6 or H-8), 6.34
(d, ] = 15.93Hz, 1H, H-2). 3C NMR [75 MHz, (CDj3),CO]:
§ = 168.3 (s, C-1), 160.5 (s, C-7), 145.6 (d, C-3), 130.9 (d, C-5
and C-9), 127.0 (s, C-4), 116.7 (d, C-2), 115.7 (d, C-6 and C-8).
All analytical data were in agreement with the literature values.

Caffeic Acid

'H NMR [300 MHz, (CD3),CO]: § = 7.55 (d, ] = 15.9Hz, 1H,
H-3), 7.16 (d, ] = 2.04Hz, 1H, H-9), 7.04 (dd, ] = 2.01 and
8.22Hz, 1H, H-6), 6.86 (d, ] = 8.16Hz, 1H, H-5), 6.27 (d,
] =159 Hz, 1H, H-2). "CNMR [75 MHz, (CD3),COJ: 3 = 168.2
(s, C-1), 148.6 (s, C-7), 146.2 (s, C-8), 145.9 (d, C-3), 127.5 (s,
C-4),122.4 (d, C-5),116.2 (d, C-6), 115.6 (d, C-2), 115.1 (d, C-9).
All analytical data were in agreement with the literature values.
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Ferulic Acid

'H NMR [300 MHz, (CD3),CO]: 8 = 7.61 (d, ] = 15.9Hz, 1H,
H-3), 7.34 (d, ] = 1.89Hz, 1H, H-9), 7.15 (dd, ] = 1.86 and
8.22Hz, 1H, H-6), 6.87 (d, ] = 8.16Hz, 1H, H-5), 6.39 (d,
J = 15.93 Hz, 1H, H-2), 3.92 (s, 3H, H-11). 3C NMR [75 MHz,
(CD3),COJ: 8 = 168.3 (s, C-1), 149.9 (s, C-8), 148.6 (s, C-7), 145.9
(d, C-3), 127.4 (s, C-4), 123.8 (d, C-5), 116.0 (d, C-2), 115.8 (d,
C-6), 111.2 (d, C-9), 56.2 (q, C-11). All analytical data were in
agreement with the literature values.

3,4-Dihydroxy-5-Methoxycinnamic Acid

IH NMR [300 MHz, (CD3),CO]: § = 7.54 (d, ] = 15.87 Hz, 1H,
H-3), 6.90 (d, ] = 1.59 Hz, 1H, H-5), 6.83 (d, ] = 1.65Hz, 1H,
H-9), 6.34 (d, ] = 15.87 Hz, 1H, H-2), 3.88 (s, 3H, H-11). 1°C
NMR [75 MHz, (CD3),COJ: 8 = 168.2 (s, C-1), 149.0 (q, C-8),
146.2 (d, C-3), 137.2 (q, C-6), 126.5 (q, C-7), 116.0 (q, C-4), 110.3
(d, C-2),104.2 (d, C-5and C-9), 56.4 (q, C-11). All analytical data
were in agreement with the literature values.

Sinapic Acid

'H NMR (300 MHz, (CD3),CO): § = 'H NMR (300 MHz,
(CD3),CO): 8 = 7.59 (d, ] = 15.87 Hz, 1H, H-3), 7.02 (s, 2H, H-5
and H-9), 6.41 (d, ] = 15.87Hz, 1H, H-2), 3.89 (s, 6H, H-11

REFERENCES

Allais, F., Martinet, S., and Ducrot, P. H. (2009). Straightforward total synthesis
of 2-O-feruloyl-L-malate, 2-O-sinapoyl-L-malate and 2-O-5-hydroxyferuloyl-
L-malate. Synthesis 21, 3571-3578. doi: 10.1055/s-0029-1216983

Aratjo, J. D. P,, Grande, C. A., and Rodrigues, A. E. (2010). Vanillin production
from lignin oxidation in a batch reactor. Chem. Eng. Res. Des. 88, 1024-1032.
doi: 10.1016/j.cherd.2d.2010.01.021

Bach, T., Lam, T., liyama, K., and Stone, B. A. (1992). Cinnamic acid bridges
between cell wall polymers in wheat and phalaris internodes. Phytochemistry
31, 1179-1183. doi: 10.1016/0031-9422(92)80256-E

Barbara, I, Flourat, A. L., and Allais, F. (2015). Renewable polymers derived
from ferulic acid and biobased diols via ADMET. Eur. Polym. ]. 62, 236-243.
doi: 10.1016/j.eurpolym;.2j.2014.11.035

Bermudez, E., Ventura, O. N., and Saenz Méndez, P. (2010). Mechanism of the
organocatalyzed decarboxylative knoevenagel-Doebner reaction. A theoretical
study. J. Phys. Chem. A. 114, 13086-13092. doi: 10.1021/jp109703f3f

Dean, J., Kusaka, R., Walsh, P., Allais, F., and Zwier, T. (2014). Plant sunscreens
in the UV-B: U: ultraviolet spectroscopy of jet-cooled sinapoyl malate, sinapic
acid, and sinapate ester derivatives. J. Am. Chem. Soc. 136, 14780-14795.
doi: 10.1021/ja5059026

Dhruva Kumar, S., and Sandhu, J. S. (2010). Bismuth(III) chloride-
mediated, efficient, solvent-free, MWI-enhanced doebner condensation
for the synthesis of (E)-cinnamic acids. Synth. Commun. 40, 1915-1919.
doi: 10.1080/00397910903162833

Dupoiron, S., Lameloise, M. L., Bedua, M., Lewandowski, R., Farguesa, C.,
Allais, F., et al. (2018). Recovering ferulic acid from wheat bran
enzymatic hydrolysate by a novel and non-thermal process associating
weak anion-exchange and electrodialysis. Sep. Purif. Technol. 200, 75-83.
doi: 10.1016/j.seppur.2r.2018.02.031

Dupoiron, S., Lameloise, M. L., Pommet, M., Bennaceur, O., Lewandowski, R.,
Allais, F., et al. (2017). A novel and integrative process: F: from enzymatic
fractionation of wheat bran with a hemicellulasic cocktail to the recovery of
ferulic acid by weak anion exchange resin. Ind. Crops Prod. 105, 148-155.
doi: 10.1016/j.indcrop.2p.2017.05.004

Goel, V. (2012). Triton-B-adsorbed on flyash, an efficient support for the
base catalyzed reactions under microwave irradiations. Orient. . Chem. 28,
1725-1728.

and H-12). C NMR [75 MHz, (CD3),COJ: 8 = 168.3 (s, C-
1), 148.9 (s, C-8 and C-6), 146.3 (d, C-3), 139.3 (s, C-7), 126.1
(s, C-4),116.1 (d, C-2), 106.7 (d, C-5 and C-9), 56.6 (q, C-11 and
C-12). All analytical data were in agreement with the literature
values.

AUTHOR CONTRIBUTIONS

LM and FA: co-designed the experiments, co-wrote the
manuscript. LM: performed the experiments, analyzed data.

ACKNOWLEDGMENTS

The authors are grateful to Région Grand Est, Conseil
Départemental de la Marne and Grand Reims for financial
support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00426/full#supplementary-material

Gupta, M., and Wakhloo, B. P. (2007). Tetrabutylammoniumbromide-mediated-
knoevenagel-condensation in water: S: synthesis of cinnamic acids. Arkivoc
2007, 94-98. doi: 10.3998/ark.5550190.0008.110

Herrmann, K. M., and Weaver, L. M. (1999). The Shikimate
Pathway. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 473-503.
doi: 10.1146/annurev.arplant.5t.50.1.473

Hollande, L., Jaufurally, A. S., Ducrot, P. H., and Allais, F. (2016). ADMET
polymerization of biobased monomers deriving from syringaresinol. RSC Adv.
6, 44297-44304. doi: 10.1039/C6R6RA06348A8A

Janvier, M., Hollande, L., Jaufurally, A. S., Pernes, M., Ménard, R., Grimaldi, M.,
et al. (2017). Syringaresinol: A: a renewable and safer alternative to
bisphenol A for epoxy-amine ChemSusChem 10, 738-746.
doi: 10.1002/cssc.2¢.201601595

Jaufurally, A. S., Teixeira, A. R. S., Hollande, L., Allais, F., and Ducrot, P. H.
(2016). Optimization of the laccase-catalyzed synthesis of (4)-syringaresinol
and study of its thermal and antiradical activities, ChemistrySelect 1,5165-5171.
doi: 10.1002/slct.2t.201600543

Karchgaudhuri, N., De, A. and Mitra, A. K. (2002). Microwave-assisted
condensation  reactions  exploiting  hexamethylenetetramine as a
catalyst under solvent-free conditions. J. Chem. Res. 2002, 180-183.
doi: 10.3184/030823402103171591

Koukol, J., and Conn, E. E. (1961). The metabolism of aromatic compounds in
higher plans. IV. purification and properties of the phenylalanine deaminase of
Hordeum vulgare. ]. Biol. Chem. 236, 2692-2698.

Kreye, O., Oelemann, S., and Meier, M. A. R. (2013). Renewable aromatic-
aliphatic copolyesters derived from rapeseed. Macromol. Chem. PhysChem.
Phys. 214, 1452-1464. doi: 10.1002/macp.2p.201300223

Luo, J., Liu, Y., Yang, S., Flourat, A. L., Allais, F., and Han, K. (2017).
Ultrafast barrierless photoisomerization and strong ultraviolet absorption
of photoproducts in plant sunscreens. J. Phys. Chem. Lett. 8, 1025-1030.
doi: 10.1021/acs.jpclett.7t.b7b00083

Maiorana, A., Reano, A., Centore, R., Balaguer, R., Grimaldi, M., Allais, F., et al.
(2016). Structure property relationships of biobased n-alkyl bisferulate epoxy
resins. Green Chem. 18, 3334-3345. doi: 10.1039/C6G6GC01308B8B

Menard, R., Caillol, S., and Allais, F. (2017). Chemo-enzymatic synthesis and
characterization of renewable thermoplastic and thermoset isocyanate-free
poly(hydroxy)urethanes from ferulic acid derivatives. ACS Sustain. Chem. Eng.
5, 1446-1456. doi: 10.1021/acssuschemeng.6g.b6b02022

resins.

Frontiers in Chemistry | www.frontiersin.org

September 2018 | Volume 6 | Article 426


https://www.frontiersin.org/articles/10.3389/fchem.2018.00426/full#supplementary-material
https://doi.org/10.1055/s-0029-1216983
https://doi.org/10.1016/j.cherd.2d.2010.01.021
https://doi.org/10.1016/0031-9422(92)80256-E
https://doi.org/10.1016/j.eurpolymj.2j.2014.11.035
https://doi.org/10.1021/jp109703f3f
https://doi.org/10.1021/ja5059026
https://doi.org/10.1080/00397910903162833
https://doi.org/10.1016/j.seppur.2r.2018.02.031
https://doi.org/10.1016/j.indcrop.2p.2017.05.004
https://doi.org/10.3998/ark.5550190.0008.110
https://doi.org/10.1146/annurev.arplant.5t.50.1.473
https://doi.org/10.1039/C6R6RA06348A8A
https://doi.org/10.1002/cssc.2c.201601595
https://doi.org/10.1002/slct.2t.201600543
https://doi.org/10.3184/030823402103171591
https://doi.org/10.1002/macp.2p.201300223
https://doi.org/10.1021/acs.jpclett.7t.b7b00083
https://doi.org/10.1039/C6G6GC01308B8B
https://doi.org/10.1021/acssuschemeng.6g.b6b02022
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Mouterde and Allais

Microwave-Assisted Synthesis of p-Hydroycinnamic Acids

Mitra, A. K, De, A., and Karchgaudhuri, N. (1999). Application of Microwave
irradiation techniques for the syntheses of cinnamic acids by Doebner
condensation. Synth. Commun. 29, 573-581. doi: 10.1080/00397919908085805

Mobinikhaledi, A., Foroughifar, N., and Fathinejad Jirandehi, H. (2008).
Microwave-assisted synthesis of cinnamic acid derivatives in the presence of
PPE and under solvent-free condition. Synth. React. Inorg. Met. Org. Chem. 38,
428-430. doi: 10.1080/15533170802254602

Mogilaiah, K., and Randheer Reddy, G. (2004). Microwave-assisted solvent-free
synthesis of trans-cinnamic acids using lithium chloride as catalyst. Synth.
Commun. 34, 205-210. doi: 10.1081/SCC-120027254

Mongtgomery, D. (2008). Design and Analysis of Experiments. Hoboken, NJ: John
Wiley and Sons.

Nguyen, H. T. H., Short, G. N, Qi, P, and Miller, S. A. (2017).
Copolymerization of lactones and bioaromatics via concurrent ring-
opening polymerization/polycondensation. Green Chem. 19, 1877-1888.
doi: 10.1039/C6G6GC03238A8A

Ouimet, M. A., Griffin, J., Carbone-Howell, A. L., Wu, W. H., Stebbins, N. D.,
Di, R, et al. (2013). Biodegradable ferulic acid-containing poly(anhydride-
ester): D: degradation products with controlled release and sustained
antioxidant activity. Biomacromolecules 14, 854-861. doi: 10.1021/bm3018998

Pawar, H. S., Wagh, A. S., and Lali, A. M. (2016). Triethylamine: a potential N-base
surrogate for pyridine in Knoevenagel condensation of aromatic aldehydes and
malonic acid. New J. Chem. 40, 4962-4968. doi: 10.1039/C5N5N]J03125G5G

Peng, Y., and Song, G. (2003). Combined microwave and ultrasound accelerated
knoevenagel-doebner reaction in aqueous media. Green Chem. 5, 704-706.
doi: 10.1039/B310388A8A

Perez, T. M., Pellon Comdom, R. F., Mesa, M., and Velez, H. (2003).
KF-Al20203 catalysed synthesis of 3-Phenyl-2-propenoic acids in
dry media under microwave irradiation. J. Chem. Res. 2003, 240-241.
doi: 10.3184/030823403103173642

Pion, F., Oulame, M. Z., Ducrot, P. H., and Allais, F. (2015). Renewable alternating
aliphatic-aromatic polyurethanes derived from bio-based ferulic acid, diols
and isocyanates: S: sustanaible polymers with tunable thermal properties. Eur.
Polym. J. 63:186. doi: 10.1016/j.eurpolym;.2j.2014.11.031

Potts, J. R., Weklych, R., Conn, E. E., and Rowell, J. (1974). The 4-hydroxylation
of cinnamic acid by sorghum microsomes and the requirement for cytochrome
P-450. J. Biol. Chem. 249, 5019-5026.

Reano, A., Cherubin, J., Peru, A. M., Wang, Q., Clement, T., Domenek, S., et al.
(2015). Structure-activity remationships and structural design optimization
of a series of p-hydroxycinnamic acids-basedbis- and trisphenols as novel
sustainable antiradical/antioxidant additives. ACS Sust. Chem. Eng. 3,
3486-3496. doi: 10.1021/acssuschemeng.5g.b5b01281

Reano, A., Domenek, S., Pernes, M., Beaugrand, J., and Allais, F. (2016a).
Ferulic acid-based Bis/trisphenols as renewable antioxidants for polypropylene
and poly(butylen succinate). ACS sustainable Chem. Eng. 4, 6562-6571.
doi: 10.1021/acssuschemeng.6g.b6b01429

Reano, A. F., Pion, F., Domenek, S., Ducrot, P. H., and Allais, F. (2016b). Chemo-
enzymatic preparation and characterization of renewable oligomers with
bisguaiacol moieties: promising sustainable antiradical/antioxidant additives.
Green Chem. 18, 3334-3345. doi: 10.1039/C6G6GC00117C7C

Rodrigues-Santos, C. E., and Echevarria, A. (2007). An efficient and
fast synthesis of 4-aryl-3,4-dihydrocoumarins by (CF3S3SO3)3Y3Y
catalysis under microwave irradiation. Tetrahedron Lett. 48, 4505-4508.
doi: 10.1016/j.tetlet.2t.2007.04.144

Rosler, J., Krekel, F., Amrhein, N., and Schmid, J. (1997). Maize phenylalanine
ammonia-lyase has tyrosine ammonia-lyase activity. Plant Physiol. 113,
175-179. doi: 10.1104/pp.1p.113.1.175

Sampath Kumar, H. M., Subba Reddy, B. V., Anjaneyulu, S., and Yadav, J. S.
(1998). Non solvent reaction. Ammonium acetate catalyzed highly convenient
preparation of trans-cinnamic acids. Synth. Commun. 28, 3811-3815.
doi: 10.1080/00397919808004934

Sampath Kumar, H. M., Subba Reddy, B. V., Thirupathi Reddy, P., Sriniva, D.,
and Yadav, J. S. (2000). Silica gel catalyzed preparation of cinnamic
acids under microwave irradiation. Org. Prep. Proced. Int. 32, 81-102.
doi: 10.1080/00304940009356750

Shafizadeh, F., Lai, Y. Z., and McIntyre, C. R. (1978). Thermal degradation of
6-chlorocellulose and cellulose-zinc chloride mixture. J. Appl. Polym. Sci. 22,
1183-1193. doi: 10.1002/app.1p.1978.070220503

Shahidi, F., and Nazck, M. (2004). Phenolics in Food and Nutraceuticals. Boca
Raton, FL: CRC Press.

Sherwood, J., De Bruyn, M., Constantinou, A., Moity, L., McElroy, C. R,
Farmer, T. J., et al. (2014). Dihydrolevoglucosenone (Cyrene) as a bio-based
alternative for dipolar aprotic solvents. Chem. Commun. 50, 9650-9652.
doi: 10.1039/C4C4CC04133]3]

Sinha, A. K., Sharma, A., and Joshi, B. P. (2007). One-pot two-step synthesis
of 4-vinylphenols from 4-hydroxy substtitued benzaldehydes under
microwave irradiatio: a new perspective on the classical knoevenagel-
doebner reaction. Tetrahedron 63, 960-965. doi: 10.1016/j.tet.2t.2006.
11.023

Tarabanko, V. E., and Tarabanko, N. (2017). Catalytic oxidation of lignins into the
aromatic aldehydes: G: general process trends and development prospects. Int.
J. Mol. Sci. 18, 2421-2449. doi: 10.3390/ijms18112421

Zago, E., Durand, E., Barouh, N., Lecomte, J., Villeneuve, P., and Aouf, C. (2015).
Syntheis of lipohilic antioxidants by a lipase-B-cartalyzed addition of peracids
to the double bond of 4-vinyl-2-methoxyphenol. J. Agric. Food Chem. 63,
9069-9075. doi: 10.1021/acs.jafc.5¢.b5b03551

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor is currently co-organizing a Research Topic with one of
the authors, FA, and confirms the absence of any other collaboration.

Copyright © 2018 Mouterde and Allais. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

September 2018 | Volume 6 | Article 426


https://doi.org/10.1080/00397919908085805
https://doi.org/10.1080/15533170802254602
https://doi.org/10.1081/SCC-120027254
https://doi.org/10.1039/C6G6GC03238A8A
https://doi.org/10.1021/bm3018998
https://doi.org/10.1039/C5N5NJ03125G5G
https://doi.org/10.1039/B310388A8A
https://doi.org/10.3184/030823403103173642
https://doi.org/10.1016/j.eurpolymj.2j.2014.11.031
https://doi.org/10.1021/acssuschemeng.5g.b5b01281
https://doi.org/10.1021/acssuschemeng.6g.b6b01429
https://doi.org/10.1039/C6G6GC00117C7C
https://doi.org/10.1016/j.tetlet.2t.2007.04.144
https://doi.org/10.1104/pp.1p.113.1.175
https://doi.org/10.1080/00397919808004934
https://doi.org/10.1080/00304940009356750
https://doi.org/10.1002/app.1p.1978.070220503
https://doi.org/10.1039/C4C4CC04133J3J
https://doi.org/10.1016/j.tet.2t.2006.11.023
https://doi.org/10.3390/ijms18112421
https://doi.org/10.1021/acs.jafc.5c.b5b03551
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Microwave-Assisted Knoevenagel-Doebner Reaction: An Efficient Method for Naturally Occurring Phenolic Acids Synthesis
	Introduction
	Results and Discussion
	Conclusion
	Experimental Section
	General
	Optimized Method for the Synthesis of PAs
	p-Coumaric Acid
	Caffeic Acid
	Ferulic Acid
	3,4-Dihydroxy-5-Methoxycinnamic Acid
	Sinapic Acid

	Author Contributions
	Acknowledgments
	Supplementary Material
	References


